The use of low-cost transducers such as piezoelectric diaphragms in structural health monitoring (SHM) applications based on the electromechanical impedance (EMI) method has grown in recent years. Although many studies report the feasibility of such transducers for impedance-based damage detection, the experiments are typically performed on small structures. Therefore, the objective of this work is to perform an experimental analysis of the feasibility of the piezoelectric diaphragms for the detection of damage in large structures. Several tests were carried out on a large aluminum plate in which a diaphragm was attached. The electrical impedance signatures of the transducer were collected and a basic damage index was calculated in order to verify the feasibility of quantifying the size of the damage at different distances from the transducer. The experimental results indicate that the piezoelectric diaphragms have a good sensitivity to provide a damage size classification in large structures. In addition, the sensitivity to damage detection and classification decrease as the distance between the transducer and the damage increases. Therefore, the results reported in this study indicate that low-cost piezoelectric diaphragms are feasible for impedance-based SHM applications in large structures.
Introduction
The use of low-cost piezoelectric transducers in the field of structural health monitoring (SHM) has grown in recent years with the objective of ensuring, increasingly, a high degree of performance and structural safety [1, 2] . In this context, the need for the development of non-destructive testing (NDT) techniques applied to the monitoring of structures arises, in order to promote robust, minimally invasive systems and simple application in the diagnosis of failures [2] . Among the NDT techniques [3] , such as Lamb waves [4, 5] , acoustic emission [6, 7] , comparative vacuum [8] , eddy current [9] , the electromechanical impedance (EMI) technique is characterized by the simplicity in implementation and by using piezoelectric transducers for damage detection in structures [10, 11] .
Basically, a piezoelectric transducer is attached to the monitored structure and this coupling causes the piezoelectric effect to produce an interaction between the mechanical impedance of the structure and the electrical impedance of the transducer. Therefore, in this context, the structural condition can be monitored by measuring and analyzing the electrical impedance signatures of the transducer [10, 11] . Although there are many studies based on the EMI technique that report the feasibility of low-cost piezoelectric diaphragms for damage detection, the most experiments use small structures. Based on this information, the objective of this article is to verify the feasibility of piezoelectric diaphragms for damage detection based on the EMI technique in large structures.
The study takes into account the sensitivity of the measurements to the size and distance of damage embedded in a large aluminum structure, a material commonly used in various engineering structures. This paper is organized as follows: the EMI technique and the piezoelectric transducer are presented in Section 2; the experimental procedures are described in Section 3; the results are presented and discussed in Section 4. The paper ends with the conclusions in Section 5, followed by the bibliographical references.
The Electromechanical Impedance (EMI) Technique and Piezoelectric Transducer
The EMI technique is based on the piezoelectric effect, which establishes an electromechanical coupling between the structure and the transducer, according to Figure 1 (a) . Typically, the transducers used in impedance-based SHM applications are PZT (Lead zirconate titanate) ceramics. However, the transducer used in this study is a low-cost piezoelectric diaphragm, 7BB-20-6, from Murata Manufacturing, as shown in Figure 1 In the EMI method, a piezoelectric transducer works either as an actuator (reverse piezoelectric effect) or as a sensor (direct effect), establishing the relationship between the mechanical impedance of the structure ( ( )) and the electrical impedance of the transducer ( (ω)), as Equation (1) [12] .
where Z P (ω) is the mechanical impedance of the transducer, is the angular frequency, is a geometric constant related to the shape and dimensions of the transducer, is the dielectric constant for a constant mechanical stress , is the Young's modulus for a constant electric field , is the piezoelectric constant and j is the imaginary unit. According to Equation (1), by the excitation of the transducer in a certain frequency range and the corresponding measurement of its electrical impedance, it is possible to detect variations in the mechanical impedance of the monitored structure caused by damages, since a change in the mechanical impedance causes a variation in the electrical impedance signature. Typically, the identification, classification and quantification of damage are performed through statistical indices comparing two electrical impedance signatures: the first, which refers to the healthy structure (baseline) and the second, which refers to a possible damage condition. One of the most used indices in the literature is the root mean square deviation (RMSD), which is based on the Euclidean norm as observed in Equation (2) [13] .
where , and , are, respectively, the electrical impedance signatures of the transducer with the undamaged structure (also known as baseline), and after the occurrence of damage, both measures in the frequency n, where N is the total number of frequencies analyzed. The feasibility of piezoelectric diaphragms such as the 7BB-20-6 diaphragm shown in Figure 1 (b) for the detection of structural damage has typically been analyzed for small structures [12] . However, the relationship between the size of the structure and the transducer may interfere with the sensitivity to damage [14] . Thus, it is important to analyze the sensitivity of the piezoelectric diaphragm for the diagnosis of failures in large structures. The experimental setup used to perform this analysis is presented in the next section.
Experimental Setup
To investigate the sensitivity of the low-cost transducer to damage detection in large structures, an aluminum plate with dimensions of 2000 mm x 1000 mm x 2 mm, with a mass of 10.6 kg was used, supported on blocks of foam. The transducer used, a 7BB-20-6 diaphragm from Murata Manufacturing, has an active piezoelectric element with a diameter of 14 mm and was installed in the diagonal of the structure using cyanoacrylate glue. The structural damage was simulated by the addition of two metallic masses of 0.005 kg (Damage A) and 0.04 kg (Damage B), that corresponds a percentage of 0.005% and 0.37%, respectively. The two masses were coupled at 0.5 m from the sensor in order to study the behavior of the RMSD index with increased structural damage. Subsequently, the same damages were inserted at 1.5 m from the sensor in order to analyze the sensitivity of the sensor at a distance from the damage. The experimental setup is shown in Figure 2 . The impedance measurement system used was proposed by [15] . An NI-USB-6366 multifunctional data acquisition (DAQ) device from National Instruments® and a personal computer with LabVIEW software were used. The system was configured to excite the transducer with a chirp signal of 1 V amplitude and the response signals were sampled at a rate of 2 MS/s (samples/second). The impedance signatures were obtained in a frequency range from 0 to 500 kHz with step of 2 Hz. With these signatures, the RMSD index was calculated in sub-bands of 10 kHz and, in this way, the sensitivity of the transducer was verified for the detection of damages in the studied structure. The results are presented and discussed in the next section.
Results and Discussion
As described, structural damage changes the electrical impedance signature in relation to the baseline. Thus, Figure 3 shows the real part of the impedance curves in the frequency range from 40 kHz to 50 kHz obtained for damages "A" and "B" describe in the previous section. For the damage characterization by the RMSD index, the selection of the frequency range occurred in the band which the index presented the most expressive values. For this study, this range was from 0 to 100 kHz. Figure 4 shows the behavior of the RMSD index for the two damage positions. According to Figure 4 , for both positions, the RMSD presented a similar behavior, that is, for the sub-bands of up to 20 kHz the minor damage (A) presented higher indices than the indices generated by the impedance signatures of the major damage (B). From 20 kHz to 100 kHz the RMSD index increases with damage size, allowing the classification of the damage. Therefore, for this range, it can be affirmed that this method can be applied in order to monitor the evolution of the size of the damage in large structures. For bands above 100 kHz the method is effective to detect, but was not effective to make a damage size classification.
After this analysis, the sensitivity of the method at a distance from the damage to the sensor was verified. The RMSD index for damage at 0.5 m and 1.5 m from the transducer are shown in Figure 5 . Based on these results, it is observed that the RMSD decreased with the distance for both damages for the frequency of up to 100 kHz. Thus, this index shows to be effective in quantifying the distance of the damage from the transducer, a significant factor for damage localization systems. For frequencies above 100 kHz it was not possible to establish the decay relationship of the index with the distance of damage from the transducer. 
Conclusions
The use of piezoelectric transducers for monitoring large structures is of great importance for ensuring a high degree of structural safety in fields related to civil, naval, mechanical and aerospace engineering. Therefore, this work presented a feasibility of a low-cost piezoelectric transducer in the diagnosis of failures in large structures based on the electromechanical impedance technique. Two types of damages were coupled whose masses representing 0.005% and 0.37% of the total structure mass and, thus, the electrical impedance signatures of the transducer were collected. To characterize the damage, the RMSD index was calculated and, based on the obtained results, it was verified that its values are proportional both to the damage size and distance from the transducer. Thus, the RMSD index proved to be effective in characterizing both the size and distance of the damage from the transducer, being a primordial factor for systems for monitoring and locating failures. Therefore, under the experimental conditions analyzed in this study, it is concluded that piezoelectric diaphragms can be a low-cost alternative for the correct damage detection and size classification for large structures.
